Understanding the relationship between phenotypic evolution and lineage diversification is a central goal of evolutionary biology. To extend our understanding of the role morphological evolution plays in the diversification of plants, we examined the relationship between leaf size evolution and lineage diversification across ferns.
Evolutionary biologists have long sought to understand the relationship between species diversification and morphological evolution (Osborn, 1902; Huxley, 1942; Mayr, 1970; Givnish and Sytsma, 2000; Gavrilets and Losos, 2009) . Evolutionary theory predicts that rates of morphological evolution and diversification should often be correlated, particularly in cases where morphological innovation promotes ecological divergence, leading to speciation. Indeed, rapid phenotypic divergence is a trademark of adaptive radiations (Darwin, 1859; Givnish and Sytsma, 2000; Schluter, 2000) and is a central tenet of the hypothesis of punctuated equilibrium (Gould and Eldredge, 1977) . This association between phenotypic evolvability and rates of cladogenesis is evidenced prominently by adaptive radiations across the animal and plant kingdoms, such as those that have occurred among African cichlid fish (Kocher, 2004; Seehausen, 2006) , Caribbean Anolis Daudin lizards (Losos, 2009 ), Galapagan finches (Sato et al., 2001; Grant and Grant, 2008) , the Hawaiian silversword alliance (Baldwin, 1997; Baldwin and Sanderson, 1998) , Hawaiian lobeliads (Givnish et al., 2009) , and bromeliads (Benzing, 2000; Givnish et al., 2007 Givnish et al., , 2011 Givnish et al., , 2014 . The opposite pattern is exemplified by "living fossils" such as coelacanths (Holder et al., 1999; Inoue et al., 2005) , Ginkgo L. (Major, 1967; Royer et al., 2003) , and horsetails (Des Marais et al., 2003) -lineages that are characterized by low extant species diversity and extreme morphological stasis across hundreds of millions of years.
Despite the existence of many groups that exhibit apparently coordinated morphological shifts and species proliferation, relatively few studies have explicitly examined the role of morphological evolution as a driver of lineage diversification. These studies have mostly focused on rates of body size evolution, presumably because body size is a metric that can be obtained from taxa across the tree of life and an organism's body size is a useful estimator of its niche (Wilson, 1975; Westoby et al., 2002; Ackerly 2009 ). Most studies examining the relationship between rates of body size change and lineage diversification (e.g., Moen and Wiens, 2009; Mahler et al., 2010; Slater et al., 2010; Sundue et al., 2015; Ramírez-Barahona et al., 2016; Rose et al., 2016) have focused on single groups that had undergone putative adaptive radiations; only a few (Harmon et al., 2003; Adams et al., 2009; Rabosky et al., 2013) have sought to characterize these patterns across multiple lineages. Results of these studies have been mixed, indicating that further study is needed to better understand the relationship between body size evolution and lineage diversification, especially in non-animal systems, for which comprehensive studies are lacking.
Here, we used a comparative phylogenetic approach to examine the relationship between rates of body size evolution and lineage diversification in the ferns. Ferns represent an excellent system for the study of body size evolution and diversification in plants for several reasons: (1) they exhibit a remarkable range of body sizes (Figs. 1, 2); (2) they comprise clades with varied evolutionary histories, including rapid recent (Sánchez-Baracaldo, 2004; Schneider et al., 2005; Sánchez-Baracaldo and Thomas, 2014) and ancient (Schneider et al., 2004a; Schuettpelz and Pryer, 2009; Rothfels et al., 2012) radiations, as well as depauperon lineages (Des Marais et al., 2003; Bomfleur et al., 2014) (Fig. 2) ; and (3) a densely sampled, time-calibrated phylogeny of the entire group has recently been published (Testo and Sundue, 2016) . In addition, the two studies that have investigated body size evolution as a correlate of diversification in fern clades (Sundue et al., 2015; Ramírez-Barahona et al., 2016) reported conflicting results, highlighting the need for a study with broader taxonomic scope. Such is the goal of this work: to couple large phylogenetic and body size data sets to test for body-size-diversification relationships across the ferns, including comparisons of patterns among terrestrial and epiphytic species, which experience different pressures driving niche occupancy (Watkins and Cardelús, 2012) . We hypothesize that rates of body size evolution and lineage diversification are positively correlated across the fern phylogeny because (1) leaf area is a strong predictor of ecological niche in ferns (Watkins et al., 2010; Creese et al., 2011) , (2) leaf size and morphology varies prominently both within and across fern clades (Vasco et al., 2013) , and (3) unlike leaves in woody angiosperms, the leaf is the primary functional organ in fern sporophytes, meaning that selective pressures should act strongly on leaf size and allow us to capture such effects with our analyses.
MATERIALS AND METHODS

Phylogeny
We used a large time-calibrated phylogeny that was recently published (Testo and Sundue, 2016) as a framework for this study. This phylogeny was chosen because it includes nearly 40% of extant fern diversity, it is time-calibrated with a robust sampling of 26 fossil taxa, and includes growth habit data for all taxa in the phylogeny. When originally constructed, this phylogeny had been checked to include only a single representative per species by checking against species checklists and lists of synonymy provided by the International Plant Names Index (IPNI.org), Tropicos (www.trop icos.org), and monographs. That phylogeny of 3973 fern species was pruned to remove taxa for which morphological data were not readily available, resulting in a tree of 2654 species that was used in this study. For use in some phylogenetic independent contrast analyses (PIC, see Hypothesis testing section), this tree was trimmed further to produce (1) a tree with one taxon per family, (2) a tree with only epiphytic taxa, and (3) a tree with only terrestrial taxa.
Morphological data
We used mean leaf area as a body size proxy, following previous studies on plant size evolution (Ackerly, 2009; Sundue et al., 2015; Ramírez-Barahona et al., 2016) . This metric is a particularly useful estimator of body size in the ferns, as fern stems are generally compact and/or subterranean and do not contribute significantly to the individual's occupation of physical space, as is the case for many seed plants. The clear exception are arborescent species ("tree ferns"); by using this metric, we undoubtedly underestimated functional body size of these taxa. Mean leaf and width measurements were obtained from descriptions in monographs and floras or from direct measurements of herbarium specimens. For taxa with fertile/ sterile leaf dimorphy, measurements from sterile leaves were used. In some clades (e.g., Psilotum Sw., Equisetum L.) leaves are highly reduced; for these taxa, we used measurements of the photosynthetic portion of the stem instead of leaf area. Leaf area was calculated using the general formula for the area of an ellipse: Leaf area = π × (½ leaf length) × (½ leaf width).
Because a positive correlation between body size evolution and diversification rate was reported for the terrestrial tree fern family Cyatheaceae (Ramírez-Barahona et al., 2016) but not in the primarily epiphytic family Polypodiaceae (Sundue et al., 2015) , we felt it was important to investigate the possibility of differing evolutionary patterns between terrestrial and epiphytic lineages. To do so, we obtained growth habit data for all taxa in our phylogeny from Testo and Sundue (2016) . These data, along with our estimates of leaf area, are provided in Appendix S1 (see Supplemental Data with this article).
Rate estimation
Rates of diversification (speciation, extinction, and net diversification) and body size evolution were independently estimated using the program BAMM v.2.5.0 (Rabosky, 2014) . BAMM uses a reverse-jump MCMC to evaluate a range of diversification regimes across a phylogeny and to estimate rates of diversification (or phenotypic evolution) across all branches in the tree. Diversification rates and body size evolution rates were estimated in independent analyses; rate priors for both analyses were estimated using the getBAMMpriors function in the R package BAMMtools (Rabosky et al., 2014a, b) , and incomplete taxon sampling was accounted for by incorporating a sampling file providing the proportion of species in each family that was included in our phylogeny, following the diversity estimates of the Pteridophyte Phylogeny Group (2016). For each rate type, the MCMC analysis was run with four chains for 50 million generations and sampled every 25,000 generations, generating 1800 trees after 10% burn-in was discarded; effective sample sizes of likelihood and rate shift estimates were more than 400 for both analyses. The retained data were then used to calculate speciation, extinction, and net diversification rates for our diversification rate analysis, and rates of leaf area change in our body size evolution analysis. Mean family-level rate values and tip-specific rate values were obtained using the functions getCladeRates and getTipRates, respectively. All rate data are provided in Appendix S1 (see Supplemental Data with this article).
As with other rate-based comparative phylogenetic methods (Maddison and FitzJohn, 2015; Rabosky and Goldberg, 2015) , the statistical behavior of the BAMM model and the validity of its estimates have been questioned. In particular, Moore et al. (2016) reported that the model's likelihood function is unreliable and that its prior estimation is problematic, following a series of analyses on simulated data. Rabosky et al. (2017) responded to this criticism, arguing that BAMM's behavior is not fundamentally flawed and that it provides reliable estimates of evolutionary rates when appropriate settings are used. To minimize the chances of erroneous rate estimation, we followed the guidelines for model selection and result interpretation provided by the authors of BAMM (Rabosky, 2014; Mitchell and Rabosky, 2017; Rabosky et al., 2017) ; nonetheless, we are aware that evaluation of this method (and other comparative phylogenetic methods) is ongoing, and we advocate cautious interpretation of results.
Hypothesis testing
To examine the correlation between body size evolution and diversification rates, we performed PICs (Felsenstein, 1985) of logtransformed body size evolution rates against log-transformed diversification (speciation, extinction, and net diversification) rates in the R package ape (Paradis et al., 2004) . Data were partitioned in three ways: (1) mean rates for each family ("clade rates"), (2) species-specific rates for all taxa ("tip rates"), and (3) speciesspecific rates sorted by growth habit; separate PIC analyses were run on each of these data sets.
Rates of body size evolution and diversification of epiphytic versus terrestrial species were also compared by generating kernel density plots of the posterior distribution of rates across the MCMC run for each growth habit and comparing the distribution of rates of epiphytic and terrestrial species with a Mann-Whitney U-test, for which a null rate distribution was generated using a structured rate permutation implemented through the traitdependentBAMM function in BAMMtools.
To compare patterns of lineage diversification and body size evolution across a set of species-rich but ecologically diverse FIGURE 2. Net diversification rates and leaf area across the fern phylogeny. Branches are colored according to net diversification rates inferred from BAMM; bar lengths at tips depict mean leaf area.
clades, we conducted the same analyses described above on rates of net diversification and leaf area change for the following families: Cyatheaceae, Dryopteridaceae, Polypodiaceae, and Pteridaceae. These families were chosen because together they comprise nearly half of extant fern diversity, they represent several major fern clades (tree ferns, noncore Polypodiales, eupolypods), and include lineages that span the breadth of ecological diversity occupied by ferns (including aquatics, epiphytes, xerophytes, and arborescent taxa).
RESULTS
Net diversification rates varied across the phylogeny, but generally were highest among the Polypodiales and Cyatheales (Fig. 2 , Appendix S1); both speciation and extinction rates tended to be highest in these groups, with some exceptions, such as the heterosporous water fern families Marsileaceae and Salviniaceae, which had high rates of both speciation and extinction. Leaf area varied dramatically across families, from less than 1 cm 2 in some filmy ferns (Hymenophyllaceae) to nearly 10 m 2 in some tree ferns (Cyatheales) (Fig. 2) . Rates of leaf size evolution were highest in the Marsileaceae and Salviniaceae and lowest in the Equisetaceae and the Rhachidosoraceae.
Rates of leaf size evolution and diversification rates were not significantly correlated (Table 1) , neither when family rates or tip rates were considered, although the association between rates of net diversification and body size evolution was nearly significant, both when clade rates (P = 0.076) and tip rates (P = 0.058) were considered. When growth habit was factored into our analyses, we found no evidence of a significant difference in rates of diversification or body size evolution between terrestrial and epiphytic species (Fig. 3) . Support for a correlation between body size evolution and diversification rates was not significant for either epiphytic or terrestrial taxa (Fig. 4) , though a modest nonsignificant (P = 0.073) association was recovered between net diversification and body size evolution rates among terrestrial species.
FIGURE 3. Comparison of evolutionary and morphological rates between terrestrial (purple) and epiphytic (green) fern taxa. Curves are kernel density plots depicting posterior probability distribution of absolute tip rates as estimated by BAMM. P-values are from Mann-Whitney U-tests (difference in mean U-scores given) of rate differences between terrestrial and epiphytic species, as implemented in BAMM.
DISCUSSION
We find that rates of body size evolution and lineage diversification are decoupled across the fern phylogeny (Table 1) ; thus, we reject our hypothesis that these rates would be positively correlated. It is possible that methodological and/or biological artefacts could obscure any such relationship; we consider four possibilities here. First, it is known that both rates of morphological change and lineage diversification can be negatively correlated with clade age (Foote, 1997; Rabosky, 2009) . If both phenomena were occurring among taxa included in our phylogeny, an artefactual, negative correlation between rates of leaf area change and diversification would be observed; however, if this time-scaling effect acted upon only one class of rates, it could act to cancel out a real positive relationship. We doubt such an effect is responsible for the observed lack of a relationship, given that the association between clade age and both speciation and morphological rates of families is weak and not significant (Appendix S1). A second possibility is that a large number of under-detected cryptic species could have a compounding effect on our results, as described by Rabosky et al. (2013) for ray-finned fishes. The potential problem is one stemming from taxonomic practice: if morphologically similar lineages are not recognized by taxonomists with the same frequency that morphologically disparate lineages are, diversity estimates will be disproportionately low for groups with high incidences of cryptic species. This bias would directly affect our analysis by impacting our estimates of cladelevel taxon sampling, thus resulting in underestimation of lineage diversification rates and overestimation of body size evolution in morphological stable clades (i.e., those with low rates of body size evolution). A third, related, phenomenon is similarly difficult to assess: the effects hybrid speciation on patterns of morphological evolution. Because species formed through reticulate evolutionary processes are typically morphologically intermediate to their progenitors (rather than morphologically divergent from each other, as expected under divergent evolution), the high incidence of hybrid speciation in ferns may act to disrupt expected patterns of morphological evolution. Because of this intermediacy in leaf morphology (Barrington et al., 1989) , reticulate evolution should act to depress rates of leaf area evolution, thereby generating a negative association between diversification and morphological rates. To estimate the effect of this phenomenon on our data set, we tested for a correlation between rates of leaf area evolution and polyploid incidence across 25 clades for which such data were available (W. L. Testo and M. A. Sundue, unpublished data). We found no relationship (R 2 = 0.01), suggesting that there is no consistent relationship between frequency of reticulate evolution and patterns of leaf size evolution across our data set. Finally, our fourth concern relates to a fundamental limitation of our phylogenetic data set, namely, the use of a phylogeny derived from uniparentally inherited markers in a system where reticulate evolution is known to be widespread. In our phylogeny, species of hybrid origin are resolved with their maternal progenitor, thus incompletely representing their true evolutionary affinities and presenting a misleading pattern of leaf area evolution. While the effects of reticulate evolution on phylogenetic inference are well documented (Linder and Rieseberg, 2004; Huson and Bryant, 2006; Soltis et al., 2008; Marcussen et al., 2012) , their impact on diversification analyses are largely unknown and potentially powerful (see Soltis et al., 2014) . Further study incorporating phylogenies derived from biparentally inherited nuclear markers may help us better understand these effects; unfortunately, densely sampled nuclear phylogenies are lacking for ferns.
These potentially confounding factors notwithstanding, a likely explanation for the observed weak association of body size evolution and lineage diversification is simply that the primary mode(s) of speciation in ferns is unrelated to divergence in leaf area. Under several evolutionary scenarios, morphological evolution and lineage diversification should not be correlated. Non-adaptive radiations, for example, are characterized by periods of elevated diversification without appreciable corresponding functional divergence (Gittenberger, 1991) . Among plants, such radiations are generally considered to be associated with highly dynamic climate and habitat conditions (Linder, 2008 ) and this appears to hold true for ferns, with montane forests playing a particularly important role (Moran, 1995; Kreft et al., 2010; Wang et al., 2012; Sundue et al., 2015; Kessler et al., 2016) . Rapid diversification events linked to exploration of montane habitats, rather than shifts in morphology, have been suggested for several groups of ferns, including Lepisorus (J.Sm.) Ching (Wang et al., 2012) ; Pleopeltis Humb. & Bonpl. ex Willd. (Haufler et al., 2000) , Serpocaulon A.R.Sm. (Kreier et al., 2008) , and Polystichum Roth (McHenry and Barrington, 2014) and recently demonstrated in the Polypodiaceae (Sundue et al., 2015) . As proposed by Moran (1995, p. 360) , "mountains have strongly influenced this group of plants by impeding migration and by promoting high species richness and endemism. " Though empirically testing this hypothesis across the ferns remains challenging (Kessler et al., 2016) , the exceptional richness of numerous lineages of ferns in montane, tropical forests highlights the role of these habitats as centers of diversity. Clearly, successful diversification in these habitats does not require coordinated shifts in leaf size-families such as Aspleniaceae and Thelypteridaceae are among the most diverse fern families in montane forests, but rates of leaf size evolution are modest.
Contrary to our overall pattern of leaf evolution and lineage diversification, several groups have been hypothesized to have undergone rapid adaptive radiations involving shifts in leaf size, including Jamesonia Hook. & Grev. (Sánchez-Baracaldo, 2004; Sánchez-Baracaldo and Thomas, 2014) , Madagascan Cyatheaceae (Janssen et al., 2008) , and Asplenium L. in Hawaii (Schneider et al., 2005) . Our results confirm these earlier reports and indicate that several other lineages exhibit the same pattern of rapid, coordinated morphological divergence and lineage diversification, including the Diplazium dilatatum Blume clade and Polystichum sects. Hypopeltis (Michx.) T.Moore and Sorolepidium Tagawa (Appendix S1). Further study is needed to determine if the latter two lineages have undergone adaptive radiations, though the Diplazium dilatatum group are a clade of exceptionally large-leaved species in a diverse lineage thought to have undergone a rapid radiation (Wei et al., 2013) and Polystichum sects. Hypopeltis and Sorolepidium both include highly reduced species that occupy extreme alpine habitats in eastern Asia (Liu et al., 2007) . Thus, although rates of body size evolution and lineage diversification generally are not strongly correlated in the ferns, there appear to be at least some cases where morphological innovation is linked to exceptional evolutionary success.
It is important to keep in mind that elevated lineage diversification rates are not a requisite feature of adaptive radiations (Givnish, 2015) . In these cases, where adaptive morphological divergence occurs in the absence of exceptional diversification, no correlation between rates of morphological change and diversification should be expected. Our data reveal several groups that correspond to this pattern, including the highly specialized epiphytic genera Aglaomorpha Schott and Platycerium Desv., the Hawaiian endemics Adenophorus Gaudich. and Sadleria Kaulf., the neotropical xerophytic genus Adiantopsis Fée, and Crepidomanes C. Presl, a genus of filmy ferns that includes several dwarf species. All these genera are species-poor to modestly diverse (6-50 species) but comprise species that have adapted to a diverse array of ecological niches.
At a broader evolutionary scale, we also find no significant relationship between rates of leaf area change and diversification in four species-rich families that previously had been reported to have experienced rapid radiations: Cyatheaceae (Ramírez-Barahona et al., 2016) , Dryopteridaceae (Labiak et al., 2014; McHenry and Barrington, 2014) , Polypodiaceae (Schneider et al., 2004b; Schuettpelz and Pryer, 2009; Sundue et al., 2015) , and Pteridaceae (Schuettpelz et al., 2007) (Table 1) . Together, results for these four families indicate that body size evolution and diversification rates are weakly associated even within the most species-rich fern families, regardless of their respective ecologies and body plans.
The relationship between rates of body size evolution and diversification has been examined previously in two of these families: the Cyatheaceae (Ramírez-Barahona et al., 2016) and Polypodiaceae (Sundue et al., 2015) . Our findings are consistent with those of Sundue et al. (2015) , who reported no relationship between changes in leaf size and diversification rates in the Polypodiaceae, but conflict with those of Ramírez-Barahona et al. (2016) , who reported a strong positive correlation between body size evolution and diversification rates in the Cyatheaceae. We believe the discrepancy between our findings and those of Ramírez-Barahona et al. (2016) possibly stems primarily from two methodological differences: choice of body size metric and method of diversification rate estimation. Whereas Ramírez-Barahona et al. (2016) used summed trunk and leaf lengths as a proxy for body size, we chose to analyze leaf area to facilitate co-analysis with non-arborescent taxa. While FIGURE 4. Scatter plots depicting correlation between evolutionary and morphological rates between terrestrial (purple) and epiphytic (green) fern taxa. Rates are mean tip rates inferred using BAMM, regression statistics are provided in Table 1 ; colored lines depict best-fit linear regressions. Div = diversification. log (Speciation Rate) log (Extinction Rate) log (Net Div Rate) log (Morphological Rate) these two metrics capture slightly different of niche space, our size estimates and those of Ramírez-Barahona et al. (2016) co-vary by clade; thus, we doubt they are responsible for the conflicting results between their study and ours. Instead, we suspect that differences in the estimation of diversification rate account for the conflicting results. Whereas we estimated diversification rates directly from the branch lengths of our time-calibrated phylogeny using a method that allows for rate heterogeneity across the phylogeny, Ramírez-Barahona et al. (2016) inferred diversification rates by simulating trees based on clade ages and species richness estimates under an assumption of constant diversification rates across time. Although this approach has been widely used in studies of lineage diversification, its central assumption of rate constancy across a clade through time is often inconsistent with observed patterns of clade species richness (Ricklefs, 2007; Rabosky, 2010) and has previously led to misleading estimation of correlated morphological evolution and lineage diversification (Rabosky and Adams, 2012) .
Despite the drastically different selective pressures acting on terrestrial versus epiphytic ferns, we found no evidence that growth habit affects the association between shifts in leaf area and diversification rates (Fig. 4, Table 1 ). Furthermore, rates of morphological evolution do not differ between terrestrial and epiphytic taxa (Fig. 3) , suggesting that within-niche pressures on body size are similar, even though the abrupt downscaling of leaf size often associated with transitions to epiphytic growth occurs repeatedly across the phylogeny (Fig. 2) . Thus, although body size appears to often change dramatically in association with shifts in growth habit, rates of morphological evolution subsequently stabilize in both terrestrial and epiphytic lineages, regardless of the pace of their diversification. Given this pattern, what explains the radiation of many fern lineages-both terrestrial and epiphytic-into a variety of distinct niches? Evidence from ecological and ecophysiological studies suggest that withingrowth habit niche differentiation in ferns is driven in large part by functional innovations related to indument (Hevly, 1963; Kluge and Kessler, 2007) , gametophyte functional ecology (Watkins et al., 2007) , breeding systems (Tanaka et al., 2014; Sessa et al., 2016) , and water relations (Hietz and Briones, 1998; Watkins et al., 2010; Pittermann et al., 2013; Testo and Watkins, 2013 ) among other factors. Thus, in most cases, key innovations driving niche differentiation among fern taxa appear to generally be unrelated to changes in leaf area.
CONCLUSIONS
Contrary to other groups, such as ray-finned fishes (Rabosky et al., 2013) , plethodontid salamanders (Rabosky and Adams, 2012) , and scinid lizards (Rabosky et al., 2014a, b) , a consistent relationship between rates of body size evolution and lineage diversification is apparently absent among ferns. The possible factors contributing to the lack of a discernible correlation of morphological and diversification rates in ferns are complex and varied, but together present important insights into the accumulation of species richness in this prominent plant lineage. Unlike groups in which correlated morphological evolution and lineage proliferation have been shown to predominate, speciation in ferns appears to be driven primarily by a combination of geographic isolation (especially along elevational or edaphic gradients; Tryon, 1972; Barrington, 1993; Moran, 1995; Haufler et al., 2000; Kluge et al., 2006; Tuomisto, 2006; Watkins et al., 2006; Lehtonen et al., 2015; Sundue et al., 2015) , hybridization (Barrington et al., 1989 , Wood et al., 2009 , and ecophysiological specialization (Watkins et al., 2007; Watkins and Cardelús, 2012; Pittermann et al., 2013) . None of these processes are intrinsically linked to changes in body size. Major changes in leaf area instead appear to be linked to shifts between terrestrial and epiphytic growth or between mesic and xeric habitats (Watkins et al., 2010; Creese et al., 2011) ; these transitions are significant at deep evolutionary timescales but ultimately uncommon across the fern phylogeny and rarely associated with individual speciation events (Schneider et al., 2004a; Schuettpelz and Pryer, 2009; Testo and Sundue, 2014) . Our study highlights the importance of using a densely and broadly sampled phylogeny as a framework for investigating macroevolutionary patterns across a variety of clades, rather than attempting to generalize findings based on the study of the radiation of a single group. It also provides a context for appreciating and understanding the exceptional diversity of leaf sizes in the ferns: as a marker of their collectively broad ecological amplitude, not a correlate of their rapid diversification.
